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ABSTRACT
Riemer, Owen D. MSEE, Department of Electrical Engineering, Wright State University,
2021. The Theory and Design of Class E Power Amplifiers for Impulse Excitation in
Nuclear Magnetic Resonance.

A new method for analyzing the effectiveness of NMR impulse power amplifiers
was developed using a classical linear systems approach to NMR. The method demonstrates
a way to compare NMR power amplifiers and outputs. Thermodynamic calculations
and the harmonic content of NMR amplifiers is presented to provide a complete
description of the NMR power amplifier design problem. A design procedure for
class E NMR power amplifiers with a pi-impedance matching network is outlined
for matching the amplifier to the transmitter coil. The thesis concludes with the
presentation of a 53 MHz power amplifier developed with the procedure. The complete
amplifier is simulated for impulse power amplifier features and analyzed using the new
method for NMR power amplifier analysis. The power amplifier presented is easily
incorporated into the modern trend of FPGA-style NMR transmitters.
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1
1.1

Introduction to NMR

Introduction
Nuclear Magnetic Resonance (NMR) is an attractive method of non-destructive

chemical analysis used in organic chemistry. The instrumental method studies the
magnetic field interaction between nuclei within a molecule to determine the chemical
structure. The implementation of modern electronics into the NMR experiment has
the capability to produce an affordable and accessible instrument to research institutes
and individuals. Current research transmitters use field programmable gate arrays
(FPGAs) and power transistors to create a programmable power amplifier for the
transmitting half of the NMR experiment. This thesis will continue researching the
NMR instrument using a linear model of NMR to prove a direct relationship between
the power amplifier and the NMR experiment. The model will highlight key features
of NMR power amplifiers and provide a method for amplifier comparison. The method
will be applied to a class E amplifier designed by a procedure presented later.

1.2

FT-NMR
Modern nuclear magnetic resonance spectroscopy is known as pulse NMR spectroscopy

or Fourier transform NMR spectroscopy (FT-NMR). The pulse NMR experiment has
1

been used to study atomic nuclei and determine molecular structures since 1966 when
Richard Ernst discovered the technique at California Institute of Technology [8]. In
the pulse NMR experiment, an unknown chemical sample is placed into a static
magnetic field, and an intense radio frequency (RF) magnetic pulse is applied to the
sample. The sample absorbs energy from the magnetic field and enters an excited
state. The motion of the magnetic moments create a signal in the receiver coil as
the sample returns to equilibrium. The signal consists of all the resonant frequencies
within the molecule. Using the fast Fourier transform (FFT), the individual frequencies
and intensities are analyzed to determine molecular structure.

A pulse NMR spectrometer consists of a transmitter and a receiver. The purpose
of this paper is to publish the effects of the impulse power amplifier on the NMR
experiment and present a complete class E RF power amplifier for the transmitter
half of a benchtop instrument. Relating the circuits to the experiment and publishing
complete circuits will help increase the accessibility of the instrument by providing
modern information.

1.3

History of NMR
In its simplest form, NMR is radio spectroscopy. In the early stages of development,

NMR relied on a frequency sweep method to scan across the radio spectrum. Radio
waves are absorbed by the sample, and the intensity of the radio waves passing
through the sample are measured.

The frequency sweep technique is known as

continuous wave NMR (CW-NMR). The first CW-NMR spectrometers used weak
2

permanent magnets with magnetic fields of 0.2 T. The pulse NMR instrument became
the standard NMR experiment because of the ability to conduct more advanced
experiments consisting of a series of pulses. The advanced experiments are faster
and provide more detailed information related to the structure of molecules.

1.4

NMR Instrumentation
Each NMR instrument is assigned a resonant frequency. The frequency of an

instrument corresponds to the resonant frequency of a standard sample called tetramethylsilane.
The resonant frequency of any sample is related to the strength of the instrument’s
static magnetic field. Stronger static magnetic fields lead to better spectral resolution.
Magnetic fields up to 3 T are available as permanent magnets. Superconducting
magnets are required to create stronger magnetic fields. Superconducting magnets
produce fields between 7 T and 20 T. Superconducting magnets are very expensive
and present difficult engineering design challenges.

There are two major types of NMR instruments: high field and low field. Low
field NMR spectrometers have resonant frequencies between 5 MHz to 100 MHz [32].
Low field instruments operate with permanent magnets at lower radio frequencies.
Low field instruments are small and do not require maintenance. Benchtop NMR
instruments fall into the category of low field instruments. High field instruments
require superconducting magnets and will not be discussed in this paper.

3

1.5

Modern Advances in NMR Instrumentation
Benchtop instruments have benefited from recent engineering advancements like

nanofluidics, microcoils, and FPGAs. Each of the advancements has contributed to
the development of a smaller and controllable NMR experiment. The relevance of
these additions will become more apparent later in the thesis.

1.5.1

Nanofluidics

Recent advances in nanofluidics have led to a significant decrease in the sample
size needed to determine the chemical structure. The standard volume of solution
used to conduct an NMR experiment in a benchtop instrument is 20 µL. Nanofluidic
systems will continue to contribute to the NMR instrument as the application of
nanofluidics becomes more widespread. Recent studies have demonstrated the sample
volume required to complete structural analysis is approximately 200 nL [25]. Only
20 nL of the total volume is used to take the measurement in the experiments. The
remainder of the volume is required by the nanofluidic system.

1.5.2

Microcoils

Microcoil technology is being implemented with the nanofluidic capillary system.
Microcoils are receiving coils with diameters of approximately 100 µm. The microcoil
sits near the nanofluidic capillary and receives the signal created by the sample. A
microcoil can measure a sample with a solution volume of 1 nL [15]. Numerous
designs of microcoils have been developed for NMR studies. Microcoils are built
4

inside integrated circuits, just like other integrated inductors. Microcoils are sensitive
to electromagnetic interference. Changes in the magnetic field created by inductors
and alternating currents are known to interfere with sensitive microcoil measurements
[15].

1.5.3

FPGA Transmitter Design

Increasing output frequencies and timing accuracy of field programmable gate
arrays has contributed to the integration of the NMR experiment. FPGAs can directly
synthesize 60 MHz square waves for NMR power amplifiers and also accurately
control the circuits operating the experiment. An FPGA is programmed by the
instrument software and allows for the optimization of the inversion time of the
nuclei. The implementation of FPGAs into the NMR instrument has created a simple
programmable style of transmitters for pulse NMR [30].

1.6

Thesis Objectives
Benchtop NMR instruments are not available to students in school, research

professionals, or individuals interested in science. NMR is a proof of chemical structure,
and it demonstrates a fundamental connection between chemistry, electrical engineering,
mathematics, and physics. Countless articles and papers have asked for the development
of NMR instruments as part of the undergraduate science curriculum and research [32]
[21]. The objective of this thesis is to produce modern instrumentation information to
help produce an accessible instrument. Developing benchtop instruments will allow
5

education to provide a complete proof of chemistry and help create a data-based
science industry.

Benchtop instruments are not readily available today due to the relatively new
technologies required to produce integrated instruments. Over the last 30 years, the
integration of the system created by FPGAs has simplified the NMR instrument and
lowered the cost of instruments [14]. Additional advancements in analog-to-digital
converters (ADCs), power amplifiers, duplexers, mixers, probe technologies, computer
mathematics, and nanofluidics all reduce the cost and size of the NMR instrument.
The technology required to produce instruments at a low cost is available. If scientists
and engineers put effort into developing the circuitry for NMR, instruments will
become available for education and research professionals.

The successful development of programs and circuits will bring a new standard
into chemistry laboratories worldwide. Many research labs are limited to outdated
techniques and do not have a way to verify chemicals. An affordable NMR instrument
will provide a way to validate chemicals and verify chemical structures, leading to
more accurate experiments and research papers.

The objective of this thesis is to lay the groundwork for class E power amplifiers
in benchtop NMR spectroscopy. The class E amplifier has the opportunity to provide
the desired spectral output and power required for the NMR experiment. The class
E amplifier is also small, cheap, and efficient. Successful theoretical development of
the class E amplifier presented here will contribute to the development of modern
6

instruments by exploring the power amplifier design parameters and presenting a
modern transmitter design.

A minimal amount of NMR information has been provided in the introduction.
From this point on, it is assumed the reader is familiar with the basics of nuclear
magnetic resonance. A dense description of the experiment was published in 1946
in a paper titled "The Nuclear Induction Experiment" by the Nobel laureate Felix
Bloch who experimentally proves the results derived in the next section.

7

2

The Theory of NMR Power Amplifiers

In an optimized NMR experiment, the input and the output are related by a
linear differential equation. The input and the output contain all the information
required to describe the system. The output of the differential equation in NMR is
the output of the famous Bloch equations describing the motion of the magnetization
vector created by the nuclei in a magnetic resonance experiment.

The analysis

described in this chapter includes only the output of the x-axis or the y-axis of
the Bloch equations. The motion of the magnetization in the z-direction is ignored
because it does not provide valuable information related to molecular structure.

Input
f(t)

Linear
System

Output
y(t)

h(t)
Figure 2.1: A Linear System

Figure 2.1 depicts an image of the linear system described in this chapter. All
functions related to the letter f describe the input. All functions of the letter y are
related to the output, and all functions of the letter h are related to the system. It
8

may be helpful to imagine the system as a bell. f (t) describes the function ringing
the bell. y(t) describes the sound the bell produces, and h(t) describes the bell itself.

2.1

The Input Function
A quick exploration of the input function will demonstrate how the input is able

to interact with the frequency space of a system. In the NMR experiment, the input
function represents the magnetic field acting on the nuclei. The frequency space
representation of the input function is determined by taking the Fourier transform of
the input function.

In the simplest NMR proofs, the input is modeled by the Dirac delta function.
Equation 2.1 and Figure 2.2 calculate and show how the Dirac delta function is able
to interact with the entire frequency space of the system. When the Dirac delta
function is viewed in frequency space, the input reaches across the entire frequency
space. An NMR input function must interact with the entire radio frequency space
to excite all the frequencies within the system.

Z

∞

δ(t)e−iωt dt = e0 = 1

F[δ(t)] = F (ω) =

(2.1)

−∞

The real pulse NMR input signal consists of a sinusoid of a single frequency
and a rest time. The standard sinusoidal pulse time is 12 µs, and the time between
pulses for the experiment is approximately one second. The experiment is pulsed

9

A Dirac Delta Pulse

The Fourier Transform

δ(t)

|F(ω)|

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-1.0 -0.5

0.0

0.5

1.0

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

s

0

100 200 300 400 500

MHz

Figure 2.2: The Dirac Delta Impulse and Fourier Transform
1000 or more times to collect multiple sets of data to improve the accuracy of the
NMR spectrum. Figure 2.3 shows the input signal in the time domain.

A Fourier transform of the real experimental input function is shown in Figure 2.4.
The transform shows how an experimental pulse sequence is capable of exciting the
sample and retrieving the entire frequency spectrum using only a sinusoid of a single
frequency. This proof is mentioned in early NMR studies [8].

Interpretation of Figure 2.4 provides valuable insight into the pulse NMR experiment.
The frequency domain plot indicates that a sinusoid of any frequency is capable of
exciting the entire RF spectrum. Because the excitation is independent of frequency,
the excitation frequency should be selected for statistical reasons, power amplifier
constraints, and circuit operating frequencies.

10

f(t)

1

0

Time (s)

-1
12 μs

1s

Figure 2.3: An Experimental Pulse Sequence

2.2

Finding the Resonance of a System of Magnetic Nuclei
A strict mathematical proof for FT-NMR spectroscopy is provided below. The

following proof describes how the function output from the power amplifier affects
the data of the NMR experiment. The proof also indicates how data is processed to
produce the final NMR spectrum.

The input function into the system of magnetic nuclei is the oscillating magnetic
field. The magnetic field is directly proportional to the current flowing through the
output inductor. The response of the nuclei to the field was determined by Felix
Bloch [36]. The Bloch equations describe the motion of the magnetization vector
creating the signal in the receiver coil. The theory presented here fits within the
Bloch equations, but the equations will not be discussed.
11
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Figure 2.4: The Fourier Transform of an Experimental Pulse Sequence
A system of magnetic nuclei can be described as a linear differential equation.
The goal of the experiment is to uncover the resonant frequencies of the system
by solving for the magnitude of the system in frequency space, |H(ω)|. H(ω) is the
solution to the system in the frequency domain. The system’s resonant frequencies are
also described by Q(D). The order of the differential equation describing the system
increases as more resonant frequencies are added to the system. f (t) represents the
input function to the system. y(t) is acquired by the receiver as a response to f (t).
The complete frequency spectrum H(ω) is required to analyze the chemical structure
accurately.
D represents the linear derivative operator. F represents the Fourier operator.
Notation of a Fourier pair is presented in equation 2.3. Magnitude notation is also
presented in equation 2.4.

12

MHz

d
dt

(2.2)

F[y(t)] = Y (ω)

(2.3)

p
Re(F(ω))2 + Im(F(ω))2

(2.4)

D=

|F(ω)| =

A standard linear differential equation is presented in equation 2.5. Q(D) is
a function of unknown order relating the output to the input with the derivative
operator. Q(D) describes all the resonant frequencies within the system. All eigenvalues
of Q(D) are complex. The real part of the eigenvalue represents the dampening
coefficient in the time domain and the peak width in the frequency domain. The
imaginary part of the eigenvalue describes a resonant frequency. There is an eigenvalue
for each unique resonant frequency in the sample.

dy n−1
dy n−2
dy n (t)
+
a
+
a
+ .... + a0 y(t) = f (t)
n−1
n−2
dtn
dtn−1
dtn−2

(2.5)

(Dn + an−1 Dn−1 + an−2 Dn−2 + .... + a0 ) y(t) = f (t)

(2.6)

Q(D) y(t) = f (t)

(2.7)

One standard solution to a zero-state differential equation is the convolution of the
impulse response h(t) with the input function. The input function f (t) is replaced

13

by the Dirac delta function to simplify the problem.

y(t) = h(t) ∗ f (t)

(2.8)

y(t) = h(t) ∗ δ(t)

(2.9)

The Fourier transform is applied to both sides of equation 2.9 to move the equation
to the solution space and simplify the problem.

F[y(t)] = F[h(t) ∗ δ(t)]

(2.10)

Equations 2.11 and 2.12 are applied to manipulate equation 2.8. Equations 2.11 and
2.12 are presented and proven by Lathi [23].

F[q1 (t) ∗ q2 (t)] = Q1 (ω) Q2 (ω)

(2.11)

F[δ(t)] = 1

(2.12)

The manipulation of equation 2.10 yields the frequency space representation of the
system H(ω).

Y (ω) = H(ω)

(2.13)

The magnitudes of the output and the system are related by equation 2.14.

|Y (ω)| = |H(ω)|
14

(2.14)

From the NMR experiment, y(t) is measured and the system is described in
frequency space by calculating the Fourier transform of y(t). The spectrum |H(ω)|
is determined by applying the magnitude operator to Y (ω). This is a classic linear
NMR proof.

In terms of the bell analogy, the proof says: to describe the bell in frequency
space, a Dirac delta function must strike the bell, and the output must be measured
in the time domain. By taking the Fourier transform of the output, the bell can be
described in the frequency domain.

2.3

Convolution Spectroscopy
In general, any function with a Fourier transform that reaches far into frequency

space may be used to excite the magnetic system of nuclei. The following proof
demonstrates how to extract the frequency space representation of a system using
any input function. All of the functions and variables are represented by the same
notation, except the function f (t). f (t) represents any general function in the following
proof.

The proof begins with the zero-state convolution solution to a differential equation
presented in equation 2.15.

y(t) = h(t) ∗ f (t)

15

(2.15)

The Fourier transform is applied to both sides of equation 2.15.

Y (ω) = H(ω) F (ω)

(2.16)

Rearranging equation 2.16 to solve for H(ω) solves the problem for the function
describing the system in frequency space.

H(ω) =

Y (ω)
F (ω)

(2.17)

The magnitudes of the functions are related by the gain expression.

|H(ω)| =

|Y (ω)|
|F (ω)|

(2.18)

When any general function is used to excite the molecular system, the function
describing the system in frequency space may be produced by taking the Fourier
transform of the response y(t) and dividing by the Fourier transform of the input
function f (t). Notice, the data from an NMR experiment cannot be processed without
knowledge of the input function.

One of the most important conclusions from the convolution spectroscopy theorem
is the effect of the input signal on the output. If the input function f (t) is treated as a
general function, then the output spectrum H(ω) is affected by the Fourier transform
of the function f (t). f (t) is directly proportional to the current produced by the

16

power amplifier in the time domain. The input signal also affects the uncertainty of
the system spectrum.

The mathematics presented above is nearly identical to the linear circuit theory
mathematics. f (t) represents an input to a linear system and y(t) represents an
output. The goal of the experiment is to uncover the frequency space representation
of the system by studying the input and the output of the system. The mathematics
demonstrates how the frequency space description of a linear system may be measured
using impulse response or a general input.

2.4

Statistical Interpretation of a Power Amplifier Output
Continuing with the results and the notation from the convolution theory, the

statistical effects of the input function will be assessed. The following proof aims to
connect the power amplifier to uncertainty in the measurement of the system.

The calculation will consider discrete data from N repeated experiments and the
transformed data from each of the i experiments. The data sets will be averaged in
frequency space to create a single discrete function |Yo (ω)|. The standard deviation
at each frequency can be determined from the sets of data. The uncertainty in the
output will be defined by uY . The result of convolution spectroscopy presented in
equation 2.17 shows that the output |Yo (ω)| must be divided by the magnitude of the
Fourier transform of the input f (t) to produce the frequency spectrum of the system
|H(ω)|. The proof will demonstrate how the uncertainty in the output is related to
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the function f (t) created by the power amplifier. The uncertainty created by f (t)
will be plotted as a function of frequency, displaying the error created by f (t).
yi (t) is a discrete set of data collected during the ith experiment by the ADC in
response to a magnetic pulse. |Yi (ω)| is the magnitude fast Fourier transform of the
data for the ith experiment. Equation 2.19 demonstrates how the data is averaged in
frequency space. Equation 2.20 shows how the uncertainty is calculated from the N
experiments in frequency space.

PN

i=1

|Yi (ω)|
N

(2.19)

− |Yo (ω)|)2
N (N − 1)

(2.20)

|Yo (ω)| =
sP
uY (ω) =

N
i=1 (|Yi (ω)|

To create the solution of the system |H(ω)|, |Yo (ω)| is divided by |F (ω)|, the
magnitude of the Fourier transform of the input f (t).

This result was derived

previously in equation 2.18.

|Yo (ω)| ± uY (ω)
uY (ω)
= |H(ω)| ±
= |H(ω)| ± uH (ω)
|F (ω)|
|F (ω)|

(2.21)

uH (ω) describes the precision of the measurement at the point |H(ω)|. At ω,
there is a 68 % chance the measurement lies within the range of H(ωo ) ± uH . The
major purpose of this calculation was to demonstrate how the uncertainty in |H(ω)|
was affected by reciprocal of the Fourier transform of the input function f (t).
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The uncertainty in |H(ω)| is related to two controllable variables: |F (ω)|−1
and the number of times the experiment is repeated N . The number of repeated
experiments is limited by memory and time. Figure 2.5 shows the reciprocal of
the Fourier transform of the function f (t). The uncertainty function displayed in
Figure 2.5 adds unequal portions of uncertainty to the final data and is limited by
harmonic content and the power output of the amplifier. The function f (t) and
the magnitude of the Fourier transform of the standard pulse sequence |F (ω)| was
provided previously in Figures 2.3 and 2.4. The uncertainty plot corresponds to the
standard pulse sequence with a 53 MHz sinusoid and a 12 µs pulse with a one second
period.
|F(ω)

-1

5000

4000

3000

2000

1000

100

200

300

400

MHz

Figure 2.5: The Reciprocal of the Fourier Transform of a Pulse Sequence

Equation 2.21 guides the development of power amplifiers in NMR spectroscopy
by providing a way to assess the value of the power amplifier output. The plot depicts
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the uncertainty added to the NMR experiment by the amplifier and output. The value
of an amplifier can be assessed by creating uncertainty plots of the amplifier output
function. Uncertainty plots show the value of output power, harmonic content, and
modulation patterns across the NMR spectrum.

A few key conclusions are interpreted from the uncertainty function. Developing
a more pulse-like input function by shortening the excitation time creates smaller
uncertainty values away from the fundamental frequency. To create shorter excitation
times, more current must be output from the power amplifier. A plot depicting the
estimated time required to invert the hydrogen nuclei for measurement is published
by Holland [10]. Increasing the output current reduces the time the power amplifier
operates and also changes the amplitude of the function f (t). The effects of increasing
the amplitude of f (t) by a constant A is described by equations 2.22 and 2.23 below.

F[A f (t)] = A F[f (t)] = A F (ω)

(2.22)

|A F (ω)| = A |F (ω)|

(2.23)

As A increases, the uncertainty function will be scaled by A−1 , improving the
accuracy of the NMR experiment by reducing the uncertainty created by f (t). This
result is stated and experimentally proven by Bloch [41].

Another solution to altering the function F (ω) is to change the rest time between
the experiments. Changing the rest time does not alter the statistics of the experiment
significantly. In most cases, the rest time is determined by the resolution required for
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spectrum analysis and cannot be modified. As RF ADCs become faster, a change in
the experimental rest time will become possible. Issues with the Nyquist sampling
rate and the resolution in frequency space should be considered before changing the
rest time between magnetic pulses. Improving uH (ω) by changing the rest time is not
always possible but should be considered to create the best experimental conditions.

Applying unique input functions, including modulated signals or harmonics,
may improve the statistical accuracy of the FT-NMR technique. Classes of power
amplifiers like A, B, C, and F have the ability to radiate more unique input functions
and harmonics for NMR experimentation. The experimental amplifiers would also
require matching networks capable of passing the harmonics. This thesis describes the
fundamental concept for the classical interpretation of amplifiers and input functions,
but the thesis does not explore experimental input functions further. In general, larger
output currents are more effective than using harmonics to decrease the statistical
error in the NMR spectrum.

The previous FT-NMR proof is a classical linear systems approach to NMR.
Linear theory is acceptable and is commonly used in MRI and NMR in terms of
the Bloch equations.

The limitations of magnetic resonance imaging have been

described in terms of quantum mechanics by Ernst [7]. The quantum mechanical
interpretation of the system is more accurate and may produce different results then
the theory presented here. The following proof is also acceptable to describe the
Fourier transform nuclear quadrupole resonance (FT-NQR) amplifiers. FT-NQR is
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a form of solid state crystallography based on the principles of quantum mechanics,
similar to NMR.

A general study of NMR power amplifiers will be completed in the third chapter,
and the analysis of the effects in the NMR experiment will be presented. The legal
limit of spectral output across the radio bands restricts the optimization of unique
excitation signals to specific parts of the spectrum and creates a design constraint for
developing power amplifiers. A major focus of the power amplifier development should
be to use an excitation frequency where resolution is required to produce the most
accurate measurement. A critical zone for the resolution in structure determination
is located at the alkane-like carbon-hydrogen bond. Typically, the alkane hydrogens
resonate between one and four ppm. Selecting an excitation frequency near this range
will produce the best statistical results for the spectral analysis in hydrogen resonance
experiments [8].

The general theory of linear systems in NMR has been developed to compare
power amplifiers and magnetic pulse signals. The class E amplifier developed later
in the thesis will be simulated and tested by looking at the functions developed in
this chapter. The complete class E amplifier presented later in Figure 5.1 is a very
standard example of an NMR power amplifier and only begins to explore the theory
presented in this chapter.
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3

Thermodynamics, Amplifier Class Comparison
and Output Inductance
NMR impulse power amplifier design elements will be completely explored before

a design procedure is presented. Other key features of NMR power amplifiers include
thermodynamics, spectral content, and output inductance. These topics will be
presented to produce a complete description of the power amplifier in the NMR
experiment.

3.1

Thermodynamic Analysis
The amplifiers presented in this chapter are studied as impulse excitation amplifiers.

Other categories of nuclei excitation exist in FT-NMR, such as rapid frequency
sweep and broadband noise excitation. Experiments using more than one kind of
excitation method require multiple RF amplifiers or a wideband amplifier. Impulse
excitation is the most important and most common sample excitation method in
NMR spectroscopy. Impulse excitation excites the sample with an intense series of
RF pulses. The excitation function for an impulse power amplifier was discussed and
presented previously in Figure 2.3. The general NMR amplifier power requirement is
an output of at least 100 W for 12 µs. Output power is not the primary objective
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of NMR power amplifiers, but the output current is proportional to the amplifier’s
power. NMR amplifiers are designed and assessed by their output power for this
reason [28] [31] [8]. The turn-on time for the amplifier should be less than ten percent
of the inversion time. The application of equation 2.23 has already demonstrated how
more current reduces the statistical error caused by the amplifier in the experiment.

A solid NMR sample is dissolved in an inert solvent like hexaflourabenzene or
another chlorofluorocarbon before being measured. The best NMR solvents consist
of nuclei with an even number of protons and neutrons. Nuclei with even numbers of
protons and neutrons do not have magnetic moments and will not appear in the NMR
spectra. Rarely, solvents with resonant frequencies outside the spectra are used as
solvents. The heat sensitivity of an NMR sample can be estimated from the specific
heat of the solvent and the volume of the solvent required to take a measurement.

The specific heat of the sample describes how sensitive a sample is to heat energy.
Equation 3.1 shows the calculation of the heat capacity of a sample. Equation 3.2
calculates the heat capacity of a sample dissolved in water with a volume of 200
nL. The sample size is modeled after a nanofluidic sample for a modern benchtop
instrument.

In the following calculation, Csample is the heat capacity of the sample, V is the
volume of the sample, Sw is the specific heat of water, and d is the density of water [13].
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Csample

V
mw
Csample =
=
dS
Sw



 6
 w
1 g·K
1
1 nL
10 µg
K
=
= 1195
4.184 J
200 nL
1 µg
1g
J

(3.1)
(3.2)

The result of the thermodynamic equation 3.2 shows that one joule of heat energy
absorbed by a sample of 200 nL of water leads to an increase in temperature of 1,195 K.
The heat capacity of the solution does not contain any experimental variables except
the sample size. When sample volumes are small, the solution is always sensitive to
heat. Other organic solvents typically have higher specific heats than water, resulting
in a more heat sensitive sample.

Even though the sample is heat sensitive, the power amplifier does not produce
excessive heat because of the short operation time. A general formula for assessing
the average heat energy given off by a power amplifier in a one second experiment is
presented in equation 3.3. Equations 3.3 and 3.4 assume that all energy is released
from the circuit as heat. The average amount of heat produced by the FPGA is
calculated in equation 3.4 for comparison. The calculations show the amplifier is not
a significant source of sample heating compared to other circuits. The limited amount
of heat produced by the power amplifier also indicates that thermal runaway of the
power transistor is unlikely. Thermodynamic circuit simulation of the power amplifier
is not considered later because of the circuit’s limited output energy. Thermodynamic
analysis of the amplifier was completed because sample heating is an issue with
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nanofluidic sample volumes, but the calculations eliminate the power amplifier as
a significant source of sample heating.

Eamp = ton Pin = (12 µs) (200 W) = 0.0002 J

(3.3)

EF P GA = ton P = (1 s) (10 W) = 10 J

(3.4)

In the future, benchtop instruments may be developed for other NMR experiments,
such as the incredible natural double resonance experiment (INADEQUATE). The
INADEQUATE experiment measures carbon-carbon interactions by taking advantage
of the natural carbon-13 isotope. The experiment requires an impulse excitation
amplifier and a broadband noise amplifier. The broadband noise amplifier must stay
active with power levels of about 0.1 W throughout the entire experiment. An efficient
broadband noise amplifier may be necessary to run the revolutionary INADEQUATE
experiment. The effects of sample heating in NMR is quantified by Leutzsch. If the
sample temperature is increased by five degrees celsius, the NMR signal is reduced by
two percent [12]. If issues with sample heating occur, thermal isolation and separation
are simple solutions to the problem. If isolation does not prevent sample heating,
sample cooling methods are available.

3.2

Amplifier Harmonic Analysis for NMR
The output of each amplifier class will be analyzed for spectral content beginning

with the common classes of amplifiers. After each spectrum has been analyzed for its
frequency components, a summary of the classes will be provided. Amplifiers will be
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studied as ideal. Efficiency is studied as a general indication of the number of power
transistors required to operate a power amplifier and is not considered as a factor
in sample heating. More advanced experiments in NMR take advantage of a series
of pulse sequences consisting of different pulse lengths, times, and power. A power
amplifier should produce the pulse requirements at the specified output current.

3.3

Harmonic Content of Amplifier Classes A, B, and C
The following section briefly discusses amplifiers by class and shows the RF

spectrum created by their ideal output at 53 MHz to identify amplifiers capable
of operating as the NMR impulse excitation amplifier. It is assumed there is no
filtering of the RF signals produced by the amplifiers in this section. The fast Fourier
transform used in the following transformations is provided in equation 3.5 below.
All the FFT results are transformed into a standard trigonometric Fourier spectrum
for signal analysis. The FFT algorithm presented in equation 3.5 is used throughout
the remainder of the thesis.

n
1 X

n1/2

ur e2πi(r−1)(s−1)/n

(3.5)

r=1

The output of the class A amplifier is the desired output signal. The class A
amplifier is inefficient. Five power transistors are required for a class A amplifier to
produce the output power for an impulse excitation experiment. The biasing of the
transistor in the class A amplifier leads to an ideal efficiency of fifty percent [5]. Class
A amplifiers have been studied in an NMR setting with a documented efficiency of 19
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% [31]. The ideal output and Fourier transform of the class A amplifier is depicted
in Figure 3.1.

The output waveform and the Fourier transform of a class B amplifier is depicted
in Figure 3.1. One of the first observations from Figure 3.1 is the spread spectrum
produced by the class B amplifier. As the sinusoid becomes limited in conduction
angle, the output becomes distributed across harmonic frequencies.

The spread

spectrum plays a vital role in the receiving circuits in the instrument. Instruments
containing amplifiers with one harmonic may use the same coil for transmitting and
receiving because a notch filter may block the impulse current and allow the signal to
enter the receiver. A spread spectrum signal will enter the receiver and saturate the
receiving amplifier. Amplifiers with harmonics must use another method to receive
the signal.

The decrease in the amplitude of the fundamental frequency happens when the
power is spread into other harmonics. When the peak value at 53 MHz is less
than one, it indicates the amplitude of the fundamental harmonic is reduced. Total
harmonic distortion (THD) of an amplifier can be used to interpret and compare
spectral content of different classes of amplifiers to assess the quality of the output by
comparing the amplitude of the fundamental frequency to the other harmonics. The
total harmonic distortion calculation indicates how much of the frequency spectrum
is located outside of the fundamental frequency. A summary of the total harmonic
distortion of the ideal classes of amplifiers is provided with the ideal efficiencies in
Figure 3.3.
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The class B amplifier could be designed in a push-pull configuration as an
NMR power amplifier. The push-pull configuration changes the class B amplifier’s
output waveform and frequency spectrum. The output and spectrum of the pushpull amplifier will have more power in the fundamental component than the class
B amplifier and less spectral spreading. The push-pull amplifier presents desirable
properties for an NMR power amplifier because the amplifier could act as a broadband
noise amplifier and an impulse power amplifier. Class B amplifiers are known for
having crossover distortion from the non-linearity when the drain to source is biased
at lower voltages. The crossover distortion and the non-linearity of the transistors
results in some harmonic distortion.

The class C amplifier operates at a much higher efficiency, but the spread spectrum
and decreased amplitude of the fundamental frequency are undesirable. Figure 3.1
depicts harmonics reaching into the ultra-high frequency portion of the radio spectrum.
If radiation of the harmonic components by the class C amplifier was an acceptable
option, a class C power amplifier could reduce the effects of the experimental error
caused by the amplifier discussed previously in Chapter 2. The class C amplifier
produces large amounts of harmonic distortion, and some harmonic filtering would
be necessary to produce a legal instrument.

3.4

Class D Amplifiers
The class D amplifier and spectral content are displayed in Figure 3.2. The class

D amplifier outputs a square wave and is a special case of the Fourier transform.
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Figure 3.1: Spectral Content of Amplifier Classes
The spectrum in Figure 3.2 below depicts the well-known result indicating the square
wave is only composed of odd harmonics. The mathematics and the spectrum of the
square wave has been explored by Marshall [33].

Switching power amplifiers like the class D amplifier greatly simplify the RF
power amplifier design by incorporating a gate driver as part of the design. Class A,
B, and C amplifiers all require pre-amplifiers and a signal source, while the switching
power amplifier uses an FPGA and a gate driver. The switching power amplifier
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paired with an FPGA and a gate driver creates a simple programmable system capable
of optimizing NMR experiments. This system appears in numerous modern NMR
articles and is becoming very popular. The circuit could use low Q values or high Q
values to produce a spread spectrum or a single frequency system.

A class D RF NMR impulse excitation power amplifier has been documented
in the literature by Zhen and Dykstra [31]. The switching amplifier published by
Zhen and Dykstra demonstrates numerous desirable properties that are much better
than the classic RF amplifiers. Characteristics like 73 % efficiency, compactness,
rapid response times, and constant output power were all demonstrated by the class
D amplifier published in the article "A Compact Class D RF Power Amplifier for
Mobile Nuclear Magnetic Resonance Systems" [31]. The developed class E amplifier
presented in Chapter 5 will be compared to Zhen’s power amplifier.

Class D Amplifier Output

FT: Class D Amplifier
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Figure 3.2: The Class D Amplifier and Fourier Transform (QL = 0)

3.5

Class E Amplifiers
The class E amplifier is a switching RF amplifier consisting of just a few components.

It operates at high efficiencies by switching the transistor state when either no voltage
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or no current is passing through the transistor. It has a reputation for being highly
efficient and sensitive to component values [38] [34]. Ideally, the amplifier has an
efficiency of one hundred percent. Amplifiers are typically published with efficiencies
near eighty five percent.

The class E amplifier takes advantage of zero voltage

switching. Perfectly timed switching funnels all the energy into the system and out
the amplifier avoiding unnecessary heat dissipation in the MOSFET. A complete
system of equations describing the design of the class E amplifier was published and
made popular by N. Sokal [38]. There have been no references for the class E power
amplifier in NMR spectroscopy.

3.6

Amplifier Summary

Amplifier Class

���� ��

Eﬀiciency (%)

Fundamental Harmonic Amplitude

Calculated Total Harmonic Distortion (THD)

Class A

50

1.00

0.0002

Class B

78.5

0.50

0.435

Class C

90

0.30

1.07

Class D

100

0.20

0.458

Class E

100

1.00

Very Low

Figure 3.3: Amplifier Comparison Table
Figure 3.3 summarizes the efficiency of power amplifiers by class [5] [34]. The
total harmonic distortion of each ideal amplifier has been calculated from the fast
Fourier transform of the ideal waveform. The THD calculation in Figure 3.3 compares
the amplitude of the fundamental frequency to the next ten harmonics determined
by Fourier analysis. Harmonic distortion indicates the need to filter the output of the
amplifier for a variety of reasons. The increase in total harmonic distortion indicates
a loss in power at the fundamental frequency. Amplifiers with higher total harmonic
distortion will radiate the fundamental frequency and other harmonics with an ideal
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matching system. Amplifiers in Figure 3.3 displaying high THD may require a more
advanced filtering network, although it does not rule out these amplifiers for NMR
experimentation.

Power amplifiers are commonly designed to maximize output power. It is important
to remember that the NMR experiment is caused by an interaction between a magnetic
field and the nuclei. The magnetic field may be produced by a current or radiated
RF energy. Typically, an inductor current is used to excite the nuclei. An analysis
of radiated RF energy density using the Poynting vector shows that even very high
energy RF electromagnetic waves produce small magnetic fields compared to the fields
produced by a current in a wire. While NMR amplifiers are designed with a 100 W
output power in mind, it is really the output current through the transmitting coil,
which is the input to the experiment. High currents in the transmitting coil can
be produced in any class of amplifier, and high amounts of output power from the
amplifier are not required, although it helps produce large currents.

Amplifiers which stand out as practical impulse power amplifiers for benchtop
NMR experiments are the class E, class D, and class B amplifiers. Class B and D
amplifiers have been explored by Tang and Zhen, respectively [28] [31]. The class D
amplifier is efficient, and the values describing the amplifier are published completely.
The class B amplifiers are efficient enough to operate the NMR system, and the
amplifier could operate as an impulse amplifier and a broadband noise amplifier. A
significant downside of the class B amplifier is the design associated with the preamplifier. Both the class E and class D amplifiers are switching power amplifiers
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leading to a simple and effective design for NMR transmitters. These amplifiers
are preferred at benchtop instrument frequencies because high power is required
to produce high currents at lower frequencies. Studies have been completed on
mixed frequency square waves which may produce a solution for radiating multiple
frequencies from switching power amplifiers in the future [33]. Different classes of
amplifiers may stand out for high field instruments.

Before going further, it is worth mentioning that the power amplifier and the
matching network play a significant role in the experiments the NMR instrument
can operate. The class E amplifier limits the types of NMR experiments because
it cannot act as a broadband noise amplifier. The class E amplifier is capable of
operating the classic pulse NMR experiments, including 2D correlation spectroscopy
(COSY) and spin echo. COSY shows which groups of magnetic nuclei are interacting
in the NMR spectrum, and spin echo provides an exact measure of the coupling
constants between interacting groups. To operate more advanced experiments with
a class D or class E amplifier requires two power amplifiers to operate RF circuits
in different bands. NMR experiments using two excitation methods are less common
and still require an impulse excitation amplifier. Much smaller amounts of energy are
required to operate a broadband noise amplifier, so it may be simpler to incorporate
another power amplifier for operating advanced experiments such as INADEQUATE,
nuclear Overhauser effect spectroscopy (NOESY), and rotational Overhauser effect
spectroscopy (ROESY). In nuclear Overhauser effect experiments, certain atoms
interfere with the NMR signal. Exciting interfering atoms with a broadband noise
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amplifier eliminates the undesired interference. The NMR signal is enhanced by the
nuclear Overhauser effect when the atoms excited by the broadband noise amplifier
pass energy from the broadband excited atoms to the atoms producing the signal [18].

3.7

Output Inductance
A sample must be placed in an intense oscillating magnetic field to be align the

magnetic moments. The sample is placed inside a solenoid, and a large RF current
is passed through the coil to create the oscillating field, which excites the sample.
The solenoid is referred to as the transmitting coil, even though it does not need to
radiate RF waves. The output of the power amplifier and the input to the system
of magnetic nuclei is the current flowing through the transmitting coil. The goal of
equation 3.6 is to determine the inductance of the solenoid transmitting coil so the
transmitting system can be developed. The coil volume may be much larger than
the sample. The transmitting coil may also double as a receiving coil. Figure 3.4
was calculated assuming the core was filled with air. The permeability of water and
free space are nearly identical values, and any organic sample placed into the solenoid
should not change the inductance of the transmitting coil by a significant amount.

In equation 3.6, µ is the permeability of the solenoid core, N is the number of
turns, A is the area of one turn, and l is the length of the solenoid.

L=

µN 2 A
l
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(3.6)

It is critical to calculate the value of L before developing the impedance matching
circuit for the power amplifier. Figure 3.4 shows five possible design values of the
transmitting coil inductance at different volumes. The inductance of the cores may
be increased about 1000 times by adding high permeability material to the core. At
lower frequencies, it is easier to work with higher inductance values. Using a coil with
more turns leads to a much higher inductance and a stronger magnetic field. The
equations describing the output inductance, core volume, and magnetic field strength
should be optimized considering the amplifier and the sample size.
Area of Coil (cm2 )

Length of Coil (cm)

Turns (N)

N2

Inductance (μH)

10 π

10
π

50

2500

310

10

5π

2
π

35

1225

380

1

π

1
π

25

625

77.1

0.1

0.1 π

1
π

10

100

1.24

0.01

0.01 π

1
π

10

100

0.122

Volume of Coil (ml)
100

Figure 3.4: Transmitter Coil Inductance Table

The last piece of information required for the amplifier design is the equation
describing the magnetic field acting on the sample. The magnetic field applied to the
sample is determined by equation 3.7. Equation 3.7 is the long solenoid approximation
from classical physics. B(t) is the magnitude of the magnetic field as a function of
time. B(t) the input into the classical Bloch equations for magnetic resonance.

B(t) = µN I(t)

(3.7)

The first part of this thesis describes the complete theory of power amplifiers in
NMR spectroscopy. The initial intention of the thesis was not to present the theory of
36

power amplifiers in NMR spectroscopy, but there were no descriptions of the general
theory of NMR power amplifiers anywhere in the literature. The remainder of this
thesis will describe a procedure for developing a 53 MHz class E impulse amplifier for
benchtop NMR spectroscopy. The developed power amplifier will be simulated and
tested for the design criteria presented in the first part of the thesis.
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4

Class E Impulse Power Amplifier Design

The class E amplifier has been thoroughly explored since its discovery in 1964.
Over the last 50 years, the amplifier has gained popularity for being efficient and
infamy for being sensitive to component tolerance and limited by bandwidth. By
adapting previously developed class E power amplifier publications, a general design
procedure for developing class E impulse power amplifiers for NMR was developed to
optimize turn-on time, efficiency, and output current [34] [38].

The simplest class E amplifier circuit is shown in Figure 4.2. The class E amplifier
circuit operates by switching between two states. The transistor controls the state of
the circuit. The transistor starts in the off state, blocking the drain current. When
the transistor enters the off state, the charging of the capacitances begins. When
the capacitors start charging, the voltage at the drain increases and then decreases
to zero volts because of the LCR behavior at the drain. When the voltage at the
drain reaches zero volts, there are no charges across the drain to source capacitance
of the transistor. This is the optimal time to turn on the MOSFET and allow current
to flow through the drain because there is no voltage at the drain, and there is no
power loss for letting current flow through the transistor. When the power transistor
enters the on state, current is drawn from the power supply and out of the LCR
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branch through the drain to complete the cycle. The circuit creates a nearly perfect
sinusoidal current in the LCR branch of the circuit. The switching method utilized
within the class E amplifier is called zero voltage switching (ZVS). ZVS is the reason
the amplifier is efficient. The relationship between the components pictured in Figure
4.2 is extremely sensitive to component values which balances zero voltage switching
within the circuit.

The standard placement of the class E power amplifier in the NMR transmitter
is pictured in Figure 4.1. The power amplifier is operated by an FPGA controlling
a gate driver. The FPGA is programmed by a computer to optimize experimental
conditions including pulse length and the interval between pulses. An optimized pulse
sets the magnetization vector in the xy-plane to maximize the output signal from the
solution. The optimal inversion time is determined experimentally for each individual
sample. Optimal inversion time changes with atomic concentrations in the solution.
POWER SUPPLY

Computer

Field
Programmable
Gate Array

Gate
Driver

Power
Ampliﬁer

Matching
Network

Transmitter
Coil

Figure 4.1: A Block Diagram of an NMR Transmitter

39

4.1

Sokal’s Class E Design Equations
The class E amplifier was made popular by N. Sokal, who developed the non-

linear design equations for the amplifier. The equations relate the inductance of
the radio frequency choke, the capacitors, and the inductor pictured in the circuit
diagram in Figure 4.2. The circuit will only operate properly if the design equations
are satisfied. The design equations published by N. Sokal are provided below [38]. P
is the output power. Vdd is the input voltage. R is the output resistance, and Vo is
the output voltage. The equations below describe an amplifier with ideal components
and requires minor modifications to adjust for non-linearity and other parasitic effects.
Numerous RF and microwave electronics references cite these equations. The citation
also includes a method for adjusting the component values of the circuit to optimize
ZVS performance [38]. To optimize Sokal’s equations for a benchtop NMR amplifier:
a resistance between 5 Ω and 25 Ω, a frequency between 5 MHz and 65 MHz, and a
supply voltage of 48 V or higher with a QL value of 2.5 or greater are recommended.

(Vdd − Vo )2
P =
Rs



2
0.414395 0.577501 0.205967
1.00000086 −
−
−
π2
QL
Q2L
Q3L
+1
4


(Vdd − Vo )2 2
0.414395 0.577501 0.205967
Rs =
1.00000086 −
−
−
π2
P
QL
Q2L
Q3L
+1
4


1
0.91424 1.03175
0.6
C1 =
0.99866 +
−
)+
2
QL
Q2L
(2πf )2 L1
2πf Rs ( π4 + 1) π2



1
1.01468
1
0.2
C2 =
1.00121 +
)−
2πf Rs QL − 0.104823
QL − 1.7879
(2πf )2 L1
QL R
L2 =
2πf
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(4.1)
(4.2)
(4.3)
(4.4)
(4.5)

Vin

L1

L2
C2
Gate
Driver

C1

Rs

Figure 4.2: The Standard Class E Power Amplifier

4.2

Impedance Matching
One of the disadvantages of the Class E amplifier is designing an impedance

matching network. ZVS relies on the values of the capacitor C2 and the inductor L2
for the operation of the circuit. In order to match the class E amplifier, the operating
frequency of the amplifier must exist within the range of the resonant frequencies of
the circuit in the off and the on state. The resonant frequencies are assessed from the
drain node ignoring the RFC. An ideal match is required to keep the power amplifier
operating properly. The class E amplifier is sensitive to changes in the design. Figure
4.3 shows two impedance matching networks able to incorporate the NMR output
inductor into the amplifier.

Impedance Matching network (a) in Figure 4.3 produces a high output current in
the inductor and has two design variables. For NMR purposes, two design variables
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Lo

Lo

RL

(a)
RL

(b)

Figure 4.3: Class E Impedance Matching Networks
are needed to set the values of Lo and RL . The two variables will give the matching
network its QL value. Network (a) is limited to smaller output inductor values.
Matching network (b) should be used for larger sample sizes.

Network (b) displayed in Figure 4.3 creates an ideal match using the shunt
capacitor impedance matching network method. The network is capable of matching
any Lo value. High Lo values correspond to high QL values which creates long ringing
times. High QL values also lead to larger conduction losses caused by the high currents
in the impedance matching network. Impedance matching network (b) creates a lower
output current than option (a) with equal value output inductors. A power amplifier
combined with impedance matching network (b) and a large inductor should contain
a snubber to deal with the ringing issue.

Applying the network (a) to the class E amplifier produces the circuit topology
in Figure 4.4. The values of the components will be referred to by the labels provided
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in Figure 4.4 for the remainder of the thesis. Inductor L3 is the output inductor for
the NMR experiment.
Vin

L1

L2

L3
C2

Gate
Driver

C1

C3

C4

RL

Figure 4.4: Class E Amplifier with Pi Network and Labeled Components

4.3

Impedance Network Calculation
Using the network published in Figure 4.3 (a), two design variables can be

selected for the network including C3 , C4 , L3 , RL or QL .

Previous impedance

matching equations were modified to allow for a change in the design variables in
the pi impedance matching network to design the network to the values of L3 and RL
[44]. A rearrangement of these equations could produce a procedure for any two of
the variables above. The remainder of the matching network is designed around the
design variables. Other constants in the equations include ω and Rs , which were set
in the solution to Sokal’s design equations.

The following design equations always produce a perfect theoretical match, but
selecting high values of L3 will distort the class E amplifier output. The procedure
presented will allow for the load resistance to be set equal to the initial resistance of
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the amplifier or higher. The inductor L3 is the output inductor for NMR and the
network is designed around the value of L3 . Higher resistance loads produce higher
currents in L3 and increase the loaded quality factor of the network. The components
values of the impedance matching network are related by the following equations.

χL3 = ωL3 = ra QL = ra (qa + q b )
r
Rs
qa =
−1
ra
r
RL
qb =
−1
ra

(4.6)
(4.7)
(4.8)

Combining the last three equations creates a function of one variable.

r
χL3 = ωL3 = ra

Rs
−1+
ra

r

!
RL
−1
ra

(4.9)

Solving for ra yields the following equation.

p
L23 ω 2 (RL + Rs ) ± 2 L43 RL Rs ω 4 − L63 ω 6
ra =
RL2 − 2RL Rs + Rs2 + 4L23 ω 2

(4.10)

There are two possible solutions for ra , and if both solutions are positive and
real, either value will create a solution for the network. Low QL solutions lead to
fast turn-on and turn-off times for simple instruments. High QL networks produce
hundreds of amps of current in L3 but require a snubber. Once a solution has been
selected, qa and qb can be evaluated from equations 4.7 and 4.8. The values of the
capacitors can be determined from qa and qb using equations 4.12 and 4.13.
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Q L = qa + q b

4.4

Rs
1
=
qa
ωC3
1
RL
=
=
qb
ωC4

(4.11)

χC3 =

(4.12)

χC4

(4.13)

MOSFET Output Capacitance
An important part of the class E amplifier is the output capacitance of the

power switching transistor. The output capacitance may be used to simplify the
circuit design by using the output capacitance of the transistor as the capacitor in
parallel with the transistor. It is essential to select a transistor with an average
output capacitance lower than or equal to the capacitance described by the design
equations. The capacitance Cds is non-linear and causes errors in the exact design
of the power amplifier. Sokal’s equations assume standard linear capacitors are used
in the circuit. The average capacitance of a non-linear capacitor is an excellent
estimation for beginning the design process. Kazimierczuck has demonstrated a
method for determining the equivalent linear capacitance of a transistor for a class E
amplifier [34]. The published circuit presented in Chapter 5 was simulated to account
for non-linear capacitances.

The design equations are fairly exact even without

consideration of non-linear capacitances. An increase in the inductance value of L2
by a few percent typically corrects the transistor’s non-linear capacitance. Exact
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equations for solving the class E amplifier with non-linear capacitances has been
published by M. Kazimierczuk [45].

4.5

MOSFET Power Losses
Selecting the right MOSFET is critical for the proper operation of the class E

amplifier. After a MOSFET with the correct Cds has been selected, it is best to
optimize efficiency by comparing power losses of gate switching to the resistive power
losses caused by the drain to source resistance, rds . rds is between 1 mΩ and 500 mΩ,
and the minimum root mean squared current through the transistor to run an NMR
experiment is about 5 A. The charge held at the gate of the MOSFETs capable of
operating the amplifier is in the range of 1 nC to 200 nC, and gate biasing voltages
are approximately 15 V.

2
Pds = Irms
rds

(4.14)

Pg = f QVgs

(4.15)

To optimize an NMR transmitter with reasonable efficiency at 53 MHz, the best
MOSFET has a minimized gate charge capacitance. A scheme for a figure of merit
could be developed for the class E amplifier based on the previous equations.

4.6

MOSFET Drivers
The MOSFET driver acts as the pre-amplifier from the FPGA to the MOSFET.

The driver must be capable of driving the MOSFET into the on state and into the off
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state at 53 MHz. The equation describing the calculation for the minimum current
required from the driver is provided below.

imin = C

dq dv
dq
dv
=
=
dt
dv dt
dt

(4.16)

In order to minimize the losses in the power transistor, soft switching should be
used to operate the gate. The turn-on time should be approximately one sixth of the
period or less to create soft switching and minimize power loss [38].

imin

T
= 3.14 ns
6
R Vgs
Ciss (V ) dV
15 nC
∆q
= 0
=
= 4.77A
≈
∆t
T /6
3.144 ns

(4.17)
(4.18)

The imin is well within the capabilities of the gate drivers on the market. Multiple
soft switching waveforms should be simulated to maximize efficiency and output
current of the amplifier. Simulation of gate drivers with different soft switching
currents changes the efficiency and the output of the amplifier.

4.7

Turn-On Time
The effects of the turn-on time should be considered when designing an amplifier.

A low turn-on time simplifies NMR transmitter design. The values capacitor C2 and
L1 have an effect on the turn-on time of the radiated signal. Lower values of C2
and L1 decrease the turn-on time of the amplifier. Increasing the frequency of the
amplifier reduces the values of these components. Reducing the quality factor in the
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impedance matching network also decreases the turn-on and turn-off times of the
circuit. The turn-on time and turn-off time of the NMR amplifier should be less than
1 µs.

4.8

Ringing
When the circuit is turned off, there is still energy stored in the reactive components

and the circuit rings in the output inductor. Minimizing QL in Sokal’s design equations
helps reduce the amount of reactive energy stored in the components. Minimizing
QL in the impedance matching network design will also reduce ringing. High current
ringing in the output inductor L3 may lead to receiver saturation. Ringing will be
discussed again later.

4.9

Push-Pull Topology
Figure 4.5 displays a simple method to redesign the circuit into a push-pull

class E amplifier. The output power of the circuit is doubled in this arrangement.
Numerous variations of the push-pull class E amplifier exist, but the topology below
is best suited for the NMR experiment to keep the fast turn-on time and the same
impedance matching network. Reproducing the circuit topology with the equations
provided on the components with the variables calculated by Sokal’s design equations
is an effective way to adapt the class E amplifier for high-power NMR experiments.
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Vin

L1

L1

L2/2
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Gate
Driver

C1

2C2
Rs
C1

Gate
Driver

Figure 4.5: Push-Pull Class E Topology with Component Equations.

4.10

Disadvantages of the Class-E Amplifier

The disadvantages of the circuit include component tolerance sensitivity, ringing,
bandwidth, and transistor availability. The stability of the class E amplifier has always
been an issue with its design [38]. The errors associated with component tolerances
may be catastrophic. Errors created by parasitic capacitances and inductance from
the wires affect the component values and should be considered in the RF design
process. The effects of statistical tolerance for a complete amplifier is demonstrated
in Chapter 5.

4.11

Advantages of the Class-E Amplifier

The advantages of the class E amplifier to the NMR experiment are the cost,
the number of transistors, size, gate driver, control simplicity, and turn-on time. One
of the most attractive features is the ability to control the power amplifier. FPGA
experiments for NMR operation have been published by numerous authors [30] [40]
[39]. The ability to synthesize high frequencies square waves creates a straightforward
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system to operate the NMR experiment. The system can create a short high-energy
bursts with just a gate driver and a single power amplifier. The gate drivers replace
the pre-amplifier and are available at a low cost.

All the necessary equations for designing an impulse power amplifier are provided
in this chapter. Sokal’s design equations balance zero voltage switching and set
the component values for the circuit. The impedance matching network equations
combined with Sokal’s design equations create a complete design procedure for the
class E NMR transmitter. The procedure was applied to create an amplifier which
is presented in the next chapter. The simulation of the completed amplifier will
highlight the importance of the qualitative sections mentioned in this chapter.
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5

The Simulation of a Class E Impulse Power
Amplifier

A complete class E amplifier was developed using the design processes and
equations presented in Chapter 4. The circuit fits the criteria of the NMR experiment
presented in the previous chapters. The analysis of the developed circuit will be
presented focusing on measurements related to the NMR experiment including, waveforms,
output power, losses, efficiency, turn-on time, ringing, stability, and spectral content.
Other NMR power amplifiers have been published, and the chapter will conclude with
the comparison to Zhen’s class D NMR power amplifier.

5.1

A Complete Power Amplifier
A complete power amplifier designed for impulse excitation in NMR spectroscopy

is presented in Figure 5.1. The values of the variables described throughout the thesis
are presented in Figure 5.2. All the variables were calculated with the equations
presented throughout the thesis. The only value that deviates from the equations is
the inductance L2 . The inductance of L2 has been increased from the design equations
to optimize ZVS and account for the non-linear transistor capacitance. Changing the
value of L2 also changes the predicted output power of the class E circuit, so Sokal’s
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design equations are unable to determine the correct output power of the circuit.
The design equations and procedure developed in Chapter 4 are fairly exact, even
though the procedure considers ideal components. Kazimierczuk’s design procedure
was better at predicting the component values of this circuit, but it was not used in
development of the amplifier [34].

The LTspice simulation was completed to prove the design procedure and measure
NMR features of the circuit. The non-linear capacitances of the transistor were
simulated in LTspice to optimize the circuit performance. The transistor was verified
to match the datasheet specifications of the IMW65R107H1M published by International
Rectifier. The LTspice model, including spice directives for the transistor and the
non-linear capacitance equations are presented in Appendix A. Non-linear capacitors
were programmed using the method described in the LTspice manual [37]. Parasitic
resistances were included in the components to produce more realistic simulated
results.
90 V
Node a

Node b

Node c

1 uH

917 nH

78 nH
10 pF

7.5 A
Driver

957 pF

IMW65R107H1M

126 pF

400 Ohms

Figure 5.1: A Complete Class-E NMR Impulse Power Amplifier
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1 μH

L3
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C4
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L2

917 nH

N

9.5

l

14.5 mm

Figure 5.2: Calculated Amplifier Values

The amplifier has an output inductance of 78 nH. The output inductance corresponds
to a volume within the transmitting coil of approximately 10 µL. The coil size has a
diameter of 1 mm and a length of 1.5 cm. The output inductance is essential for the
operation of the NMR experiment. The Coil64 program calculates the values of the
transmitter coil. The results of the calculation are displayed in Figure 5.3.

Figure 5.3: The Transmitter Coil
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The amplifier presented has a 90 V input voltage. The higher input voltage
improves the efficiency and the output power of the circuit published. Changing the
input voltage to 48 V reduces the output power by fifty percent and decreases the
efficiency by ten percent. The circuit loses efficiency from the non-linear effects of
the capacitance C1 . Above 48 V, the non-linear output capacitance is much smaller,
and the capacitance behaves linearly, leading to increased efficiency and predictable
behavior. The input voltage to the amplifier is high, but any normal switching power
supply could supply the class E amplifier with power. The switching power supply
needs to have an output capacitor capable of storing enough energy to supply the
amplifier and keep the voltage input voltage to the amplifier close to 90 V. The
circuit uses a relatively low amount of energy over one second experiment so, this not
an issue. The class E amplifier is not sensitive to changes in the input voltage.

There are only a few transistors capable of operating the circuit presented in
Figure 5.1 efficiently and properly.

The IMW65R107M1H silicon carbide power

switching MOSFET produced by International Rectifier has low drain to source
resistance, low gate charge, low output capacitance, and the capability to handle
high power dissipation. It is challenging to find a transistor capable of operating the
power amplifier because of the power dissipated in the transistor and the low output
capacitance required to operate the circuit.

The transistor is driven with a gate driver, which operates with 7.5 A of current to
maximize soft switching. The driver operates faster than the recommended one-sixth
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of a period recommendation after simulation experiments with different soft-switching
waveforms were completed.

5.2

Waveforms
Figure 5.4 shows the voltages at the critical nodes of the circuit depicted in

Figure 5.1. All the components are referred to by the same name as described
previously in Figure 4.4. All the voltage waveforms are nearly identical to the ideal
class E waveforms published [38] [34]. There is a 186 degree phase difference between
current and voltage through the power transistor.

Figure 5.4: Voltage Waveforms

Figure 5.5 depicts the current waveforms of the amplifier. All the current waveforms
are behaving ideally for a class E amplifier, except for a small artifact appearing in
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Figure 5.5: Current Waveforms
the drain current of the transistor. Notable NMR measurements taken from the
waveforms are presented in the following sections.

5.3

Rise Time
The rise time of the amplifier is a factor that must be considered in the design of

the NMR impulse amplifier. The complete amplifier in Figure 5.1 has an exceptional
rise time. The capacitor C2 and the inductor L1 are small component values because
the frequency of the amplifier is high. To get a rise time of 1 µs or less, the capacitor
should have a value of less than 10 pF, and the inductor L1 should have a value of 5
µH or less. As the value of the capacitor C2 and inductor L1 get smaller, the circuit
becomes more sensitive to variations in the values of the components. Another way to
decrease the rise time is to increase the operating frequency of the circuit. MOSFETs
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capable of handling high output powers with low Cds are needed to efficiently operate
the class E circuit. Increasing the operating frequency of a circuit similar to this one
will require a MOSFET with a lower Cds . Silicon carbide MOSFETs with lower drain
to source capacitances are not available at this time.

tr is the rise time of the amplifier. Rise time was determined from the simulated
waveform of the output voltage.

tr = 0.420 µs

5.4

(5.1)

Output Power and Efficiency
Standard parasitic resistances were substituted into the reactive components to

assess the efficiency of the amplifier. Each inductor and capacitor were assigned 35
mΩ of resistance. The RFC was estimated to have 50 mΩ of parasitic resistance. The
amplifier was simulated to have an output power of 393.4 W and an input power of
499.8 W during operation. The power loss in the transistor is 52.1 W, not including
switching losses. Resistive power losses are high because the QL values of the circuit
are high.

The class E amplifier portion of this circuit is efficient without the matching
network. The matching network has large conduction losses because it has a high QL
value to increase the current through the output inductor. The class E amplifier has
an efficiency near 90 % without the impedance matching network.
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The calculation in equation 5.2 shows the efficiency of the amplifier during
operation. The efficiency of the amplifier is not critical to the experiment, although
it is a common measurement used to compare amplifiers in literature.

η=

393.4 W
Po
=
= 78.71 %
Pi
499.8 W

(5.2)

Power losses at the gate are calculated.

Pg = f QVgs = (53 MHz)(15 nC)(18 V) = 14.31 W

(5.3)

The overall power added efficiency of the amplifier was determined according to
equation 5.4.
ηpae =

P o − Pg
393.4 W − 14.3 W
=
= 75.84 %
Pi
499.8 W

(5.4)

The amplifier published in Figure 5.1 is the most efficient NMR power amplifier
published to date.

5.5

Inversion Time
The optimal time to tip the magnetization vector into the xy-plane can be crudely

estimated from a plot published in "A Solid State High Power RF Amplifier for Pulsed
NMR" published by Holland and Heysmond [10]. The inversion time of the amplifier
is estimated from the quality factor of the transmitting coil and the output power of
the amplifier. The loaded quality factor of the transmitting coil Q is determined from
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the output inductance. tinv describes the optimal on-time for the power amplifier to
excite the nuclei.

Q = 18.4

(5.5)

Po = 393 W

(5.6)

tinv = 20 µs

(5.7)

The Bloch equations could more accurately determine the inversion time if the
sample size and concentration were known.

5.6

The Input Function and the Fourier Transform
The functions describing the accuracy of an NMR experiment in Chapter 1 are

an ideal representation of the amplifier presented in Figure 5.1. Applying the long
solenoid approximation determines the magnetic field acting on the nuclei from the
output current in the transmitting coil. Equations 5.8 and 5.9 show the calculation
of the magnetic field produced in the transmitting coil. B(t), |B(ω)|, and |B(ω)|−1
describe the input to the linear system with an inversion time of 20 µs and a rest
time of one second.

H
)(10 turns)(24.2 A) = 0.306 mT
m

(5.8)

A f (t) = B(t) = µN I(t) = 0.306 sin(ωt) mT

(5.9)

A = µN Imax = (1.25 × 10−6
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Figure 5.6: The Uncertainty Function and Output

The plots in Figure 5.6 were produced using the fast Fourier transform. Standard
deviation multiplied by a factor of 200,000 is the maximum error caused by the
amplifier in the output signal. The uncertainty is combined with the output of the
signal produced by the spinning nuclei. All classes of amplifiers produce significant
errors in the output signal. More power is the best solution to minimize the statistical
error caused by the amplifier. Harmonics only reduce error in limited parts of the
NMR spectrum and are not the best solution to decreasing statistical error in the
NMR spectrum.
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The error produced by the amplifier may seem large, but numerous measurements
reduce the uncertainty associated with the experiment. The law of large numbers
states, an infinite number of measurements reduces the uncertainty in the measured
signal to zero. More powerful amplifiers will require less experiments to reach the
desired statistical resolution of an experiment, but any amplifier could produce the
desired statistical resolution by repeating the experiment.

5.7

Receiving
There are two ways to receive an NMR signal in FT-NMR. One way to receive

a signal is to measure the signal from the transmitter coil after the pulse sequence
has ended. The second way to receive the NMR signal is from a microcoil isolated
from the power amplifier. With the ringing in the output inductor, receiving from
the transmitter coil is difficult. Power amplifiers that radiate most of their spectral
content in one harmonic can receive the NMR signal from the transmitting coil.

A class D or class E amplifier could be used to receive and transmit from the
same coil. The voltage between nodes b and c in Figure 5.1 would act as the input
to the receiver. The impedance around the inductance at nodes b and c of the class
E network is the parallel input impedance to the receiver network. The transmitter
is in the off state when the impedance between nodes b and c is determined. The
impedance would be incorporated into the design by applying the plot in Figure 5.7.
Using a single frequency transmitter allows the receiver to block the ringing in the
transmitter with a narrow notch filter. Other classes of amplifiers will have more
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harmonic content and it will be difficult to prevent the harmonics from entering the
receiver.

Notch
Filter

V Node b-c

RF
Signal
Amp

Receiver

Node b-c
Input Impedance

Figure 5.7: Receiver Plot

A microcoil is the second option for receiving from an NMR experiment. The
coil receives only the NMR signal because the oscillating magnetic field created by
the ringing does not lead to a change in magnetic flux in the microcoil. This is
a traditional method used in NMR avoiding coupling between the transmitter and
receiver. The transmitter coil should be ninety degrees from the receiver coil to
prevent inducing voltages in the receiver coil. Felix Bloch quantifies the effects of
orienting the coils at ninety degrees. The ringing signal is reduced in the receiver
10,000 times, by arranging to coils perpendicular to each other [41]. Proper coil
orientation is displayed in Figure 5.8. A microcoil receiver is a better option for any
power amplifier with a ringing problem, although it is more difficult to engineer.
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Transmitter Coil

Microcoil

Figure 5.8: Microcoil Receiver Arrangement

5.8

Ringing
Ringing is a negative effect created by the resonant cavity used in the impedance

matching network. It is a problem with nearly all NMR power amplifiers because
large inductance coils are preferred to create the oscillating magnetic field. Energy
stored in the reactive components causes ringing after an RF cycle in the amplifier
circuit. There are numerous ways to prevent interference in the NMR experiment.
Multiple waveforms from the output inductance ringing is pictured in Figure 5.9.
The circuit voltage rings in the output inductance starting at the amplitude of the
maximum inductance voltage of the operating circuit. The ringing voltage may be
strong enough to saturate the sensitive NMR receiver and interfere with measurements
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directly or through coupling effects. The issue is very similar to RADAR coupling
issues caused by high-power circuits located near sensitive measurement circuits.

Figure 5.9: Ringing in the Output Inductor L3

Changing the impedance matching circuit to reduce the loaded quality factor
will reduce the ringing. It also reduces the output current, which increases statistical
error in the output signal. The impedance matching network produces currents from
10 A with a low QL to 450 A with very high QL in the amplifier presented in Figure
5.1. The shortest NMR signals last only 10 µs. If the ringing in the output inductor
lasts longer than 10 µs, it will interfere with the sensitive measurements, especially if
the same coil is used to transmit and receive the signal.

A snubber could be added to the circuit to absorb the ringing. The FPGA could
easily control a snubber for absorbing the ringing. This is an excellent way to deal
with ringing in high-power circuits. A snubber will not be explored further.

Another alternative solution to the ringing is theoretical. A control experiment
could be run, and the effects of the ringing in the measurement circuit could be
calculated. The undesired ringing signal could be removed from the measurement by
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producing a control experiment. The receiver cannot be over-saturated by the ringing
for this technique to work.

Finally, a notch filter could be added to any receiver. The notch filter will
help block the ringing frequency of the amplifier. This technique is more suited to
single frequency transmitters. A combination of these techniques may be employed
to prevent signal interference.

5.9

Stability
Sokal and Kazimierczuk are the most notable authors in the field of switching

radio power amplifiers [34]. Both authors have countless publications relating to
radio power amplifiers, and both authors have mentioned the sensitivity of the class
E amplifier as a downside of the circuit. The circuit is sensitive to the selected
values of the components L2 and C2 set by the design equations. Deviations in
component values of one percent were simulated in the circuit presented in Figure
5.1. One percent tolerance is a large amount of tolerance considering the tolerance
in the surface mount technology available today, which may be as low as 0.01 % for
some components. The one percent stability plot can be interpreted to show the
sensitivity of the amplifier and the component tolerance ranges which are acceptable
in the circuit.

Component value deviation caused by manufacturing processes of the components
causes a change in the output power of the amplifier and may result in significant
power loss in the transistor leading to circuit failure. Statistical analysis was completed
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with component tolerances by assuming all values within the component tolerance
range have an equal probability of being placed into the circuit. The random function
analysis uses the limits of the transistor output power as the criteria for a functioning
circuit.

The statistical analysis presented in Figure 5.10 shows the heat produced by the
transistor when the circuit is operating at steady state. The power losses plotted
include the switching losses calculated in equation 5.3. Power loss in the transistor
should not exceed the 75 W threshold level published in the datasheet for the IMW65R107M1H.
The 3D plot in Figure 5.10 was produced by simulating the circuit with the component
values located at the center of each box. All nineteen blue squares in Figure 5.10
represent the circuit operating within the datasheet specifications of the power transistor.
The six grey and red boxes represent the circuit operating over the acceptable transistor
output power level. The graph was broken down into discrete subsections so the
circuit could be simulated. Figure 5.10 addresses the issue of stability. The plot
determines the probability the completed amplifier built with one percent tolerances
in components C2 and L2 will operate within the transistor limits. p is the probability
of the circuit operating properly.

p=

Ablue
19
=
= 76.0 %
Atot
25

(5.10)

Circuits developed with one percent component tolerance will produce circuits
that fail. The circuit will always operate within the acceptable output power of the
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Figure 5.10: One Percent Stability Plot
transistor if the circuit is developed using tolerances of 0.5 % or less. The plot is
proof of the sensitivity of the class E amplifier, and it also demonstrates a way to
assess acceptable component tolerances.

5.10

Comparison to Zhen’s Power Amplifier

Zhen’s power amplifier published in "A Compact Class D RF Power Amplifier
for Mobile Nuclear Magnetic Resonance" is the most modern and complete article
describing an NMR power amplifier. Class D amplifiers are also switching power
amplifiers and present an excellent comparison for class E power amplifiers. Zhen’s
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published amplifier has the following characteristics: 20 MHz output, 24 V power
supply, 100 W output, 73 % efficiency, four transistors, and a rise time of 1 µs.

Zhen’s power amplifier is very similar in size and cost to the class E power
amplifier. The class D power amplifier has a rapid turn-on time, a transformer based
impedance matching network, and constant output power amplitude. The size and
efficiency of both power amplifiers are similar. Both classes of amplifiers also have
small operational bandwidths.

Key differences between the power amplifiers are the number of transistors used,
the output power, the transformer, and the input voltage. Zhen’s power amplifier
uses four power switching transistors in a full bridge arrangement to produce a 100
W output. The input voltage is smaller and available as a standard power supply
voltage. Both amplifiers suffer from some of the same design issues like ringing and
output inductor limitations. The class D amplifier does not have the stability issue
like the class E amplifier.

The class E NMR power amplifier presented in Figure 5.1 has four main advantages
over Zhen’s power amplifier. The output power of the class E amplifier is much
greater, leading to increased accuracy and reduced inversion times. The operating
power could be increased to much greater value by developing a push-pull style class
E amplifier. The operating frequency of the class E amplifier presented is much higher
which reduces statistical errors in the most important areas for NMR resolution. The
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turn-on and turn-off times of the output power of the class E amplifier are improved
by a factor of 2.5, and the amplifier produces a more pulse-like output.

Zhen’s class D amplifier publication does not mention a ringing problem with
the amplifier, but calculations and simulations show the class D amplifier has the
same ringing issues as the class E amplifier. The impedance matching network is
not entirely depicted or described in the article. A prototype of Zhen’s amplifier was
developed as a proof of his concept.

5.11

Conclusion

Before this thesis, there were no descriptions of the effects of NMR power amplifiers
on the NMR experiment. The thesis has successfully developed a method for determining
the value of a power amplifier to the FT-NMR and FT-NQR experiments by analyzing
the statistics of the experiment. The thesis explored and proved the value of a power
amplifier is related to the output current and spectral content. The development and
presentation of these fundamental concepts lays the foundation of power amplifier
development to the NMR experiment.

A simple method for developing class E NMR power amplifiers was described in
Chapter 4. The design procedure defines a general procedure for the development of
class E power amplifiers using ideal components at any frequency. A power amplifier
was designed according to the development procedure and was analyzed in Chapter
5. The analysis showed the capability of a class E amplifier as an impulse amplifier
and the stability issues related to the amplifier. There should be serious consideration
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about the error caused by component tolerances when the power amplifier is being
designed and assembled. The amplifier is limited to impulse excitation experiments,
and another small power amplifier must be added to the NMR experiment to operate
a few less common experiments such as INADEQUATE. The amplifier is powerful
enough to resolve the structure of small molecules, although it may be difficult to
resolve the structure of complex bio-molecules. The amplifier published in Figure 5.1
is the most efficient NMR power amplifier in the literature to date.

Throughout the thesis, a few areas of research were suggested. Chapter 1 provides
unique insight into developing experimental power amplifiers and excitation functions.
Further exploration of power amplifiers, excitation signals, and their reciprocal Fourier
transforms should be considered as a potential study area. Other potential areas of
study in NMR power amplifiers should include the class B push-pull power amplifier.
A wideband class B amplifier has the potential to operate as both RF amplifiers
required for advanced NMR experiments and has not been completely explored.

The completed amplifier presented in Figure 5.1 could also be redesigned after
interpreting the results in Chapter 5. The best way to improve the statistical effects
of the amplifier is to increase the output power and modify the impedance matching
network. Both options require redesigning the circuit and developing a solution to the
ringing issue. A power amplifier including a snubber could produce a 500 A output
current with a short ringing time.
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This thesis has succeeded in advancing modern NMR instrumentation by creating
an amplifier suitable for modern NMR transmitter needs. Scientists should expect a
benchtop NMR instrument with an advanced RF analog-to-digital converter for under
$500. An instrument containing the designed amplifier could resolve the structure of
any small molecule and guide chemical and physics research in education and industry.
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Appendix

Figure A.1: The Spice Simulation

The LTSpice Simulation and the spice directives for the MOSFET and
non-linear capacitances are displayed in Figure A.1. This circuit was simulated in
Chapter 5.
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